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the application. The control circuitry also monitors whether
or not each poll results 1n input to the application and adjusts
a clock frequency at which the CPU operates to a clock
frequency lower than the nominal clock frequency 1if a
pre-defined number of polls resulting 1n no mput 1s detected.
Methods and a central computer server of an automated
exchange system are also provided.

23 Claims, 6 Drawing Sheets

440
Apsiication

‘uﬁh
Lt
ot

i1 range

circuliry |
- —— -
I

=Y
s
-

424

CFiJ ontea
clrouitry




US 9,898,429 B2
Page 2

Related U.S. Application Data

continuation of application No. 13/324,164, filed on
Dec. 13, 2011, now Pat. No. 8,930,737.

Int. CIL.

GOo6F 1/32
HO4L 12/64

U.S. CL
CPC

(1)

(52)

(56)

GOGF 1/3234 (2013.01); HO4L 12/6418
(2013.01); YO2B 60/1217 (2013.01)

(2006.01)
(2006.01)

References Cited

U.S. PATENT DOCUMENTS

0,931,524
7,463,993
7,634,678
7,822,397
7,882,369
8,356,119
8,552,807
8,724,612
8,792,354

B2
B2
B2
B2
Bl
B2
B2
B2
B2

8/2005
12/2008
12/2009
10/2010

2/2011

1/2013
10/2013

5/2014

7/2014

Ehmann et al.
Finkelstein et al.
Winbom
Horvath
Kelleher et al.
Kocherry et al.
Ou-Yang
Al-Khudair

Gnanasekaran et al.

8,930,737

8,972,352

9,355,047
2003/0076442
2003/0097603
2004/0019844
2004/0207540
2005/0030913
2005/0068974
2006/0146914
2008/0235532
2009/0132844
2011/0023040
2012/0161967

B2* 1/2015
3/2015
5/2016
4/2003
5/2003
1/2004

10/2004
2/2005
3/2005
7/2006
9/2008
5/2009
1/2011
6/2012

AN A A AN A A A
3

Winbom HO4L 12/6418

713/300

ttttttttttttt

Roche et al.
Winbom .............
Kawaguchi et al.
Athas

Goodnow
Tanaka

Roy

Barker et al.
Horvath
Pomerantz
Allarey et al.

Hendry et al.
Stern

HO4L 12/6418

OTHER PUBLICATTIONS

Oflice Action dated Apr. 23, 2015 1n co-pending U.S. Appl. No.
14/588,643, 7 pages.

Chang, “Terminal Response Times in Data Communications Sys-
tems”, IBM J. Res. Develop., May 1975, pp. 272-282.

Fiske et al., “Thread Prioritization: A Thread Scheduling Mecha-
nism for Multiple-Context Parallel Processors”, Proceedings of the
17 International Symposium on HPCA, Jan. 1995, 12 pages.

* cited by examiner



U.S. Patent Feb. 20, 2018 Sheet 1 of 6 US 9.898.429 B2

Receive instruction to poll
| an /O range |
- o

114
Control CPU to poll VO

range for input

i ]
. Control the CPU to return
Foll rendering input? a o |
v input to application

— —— — — —

Number of polls = X7

Y

140 0 ]
Adjust frequency Adjust frequency |
L

150
Control CPU o poll VO
range for input

FPoll Rendering input?
Y

Figure 1



U.S. Patent Feb. 20, 2018 Sheet 2 of 6 US 9.898.429 B2

Letect polling of an /O
| range I

Leisct X negative polis

220

Adiust frequency

= |
| Detect positive poll |
| - |
20

| Adjust frequency |



U.S. Patent Feb. 20, 2018 Sheet 3 of 6 US 9,898.429 B2

|00 1
Receive instruction 1o poll
| an /O port |
_____ !
390 1
" Control CPU to poll O Control CPU to return
range for input | input to application |
— o ]

380

Poll rendering input? ;
Ing mpu Adjust frequency

370
Compare determined
femperature (o threshold

140

Agiust frequency

150 370

Controt CPU to poll O Determine temperature
range for input



U.S. Patent Feb. 20, 2018 Sheet 4 of 6 US 9.898.429 B2

400

Application

430 420 |
/O range Control :
|

Circultry

Lomnrol
cireuitry

Figure 4



US 9,898,429 B2

7.

SO

400

Sheet 5 of 6

Feb. 20, 2018

560
580

o0

U.S. Patent
560

/,

o560

Figure 9



U.S. Patent Feb. 20, 2018 Sheet 6 of 6 US 9,898.429 B2

640
igpp!ifcaﬁ@?i«a%r o _i
| Hardware Application |
instruction
| 643 |
MNormail path

| 541 /\/ |

i

- - . |
S o Socket Library
|Keme§ Layer

————

Hardware Layer

Figure ©



US 9,898,429 B2

1

METHOD AND DEVICES FOR
CONTROLLING OPERATIONS OF A
CENTRAL PROCESSING UNIT

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/588,643, filed Jan. 2, 2015, now U.S. Pat.
No. 9,355,047, which 1s a continuation of U.S. patent
application Ser. No. 13/324,164, filed Dec. 13, 2011, now

U.S. Pat. No. 8,930,737, the entire contents of which are
hereby incorporated by reference 1n this application.

TECHNICAL FIELD

The present invention relates to a method and devices for
controlling operations of a Central Processing Umt (CPU),
and more particularly 1t relates to a control circuitry con-
figured to interact with the Central Processing Unit.

BACKGROUND

The roll out of Internet and the following continuous
investment 1n infrastructure providing network access to the
Internet have made information exchange easy throughout
the globe. With the global access to all sorts of diflerent
computer systems the Internet provides for and the increas-
ing use of the Internet, the numbers of data messages
directed to central computer servers of the computer systems
are increasing. Many computer systems are connected to the
Internet to provide access to functionalities for a select
group ol people or for the public. Depending on the func-
tionalities and the interest people have in accessing the
functionalities, different computer systems receive different
amounts ol data messages.

An automated electronic exchange i1s one such type of
computer system wherein users of the automated electronic
exchange 1n one way or another connect to a central com-
puter server which 1s part of the automated electronic
exchange, usually through the Internet, and submit data
messages to the central computer server.

Due to technological advances 1n computing technology,
transaction technology and information technology in the
past ten to twenty years, financial technology has had a very
rapid development rate. This rapid development has resulted
in computer systems trying to cope with increasing numbers
of companies and people trying to connect to these systems.
The increasing numbers of users being connected to elec-
tronic exchange systems have increased the amount of data
messages sent into the system.

A conventional electronic exchange typically receives
input data i the form of data messages from external
devices, trader terminals, used by traders to send orders
and/or quotes to the electronic exchange. The orders/quotes
may relate to buying and/or selling of any type of tradable
asset. In particular the input data can relate an order message
that represents the placing of a new buy or sell order or a
new quote. Furthermore, the development of algorithmic
trading, 1.e. computers programmed to analyze data and
autonomously act on the data by submitting orders to an
clectronic exchange, has exponentially increased the amount
of data messages being sent to the electronic exchange
systems.

In order for computer systems to perform some kind of
action in response to the data messages sent by users of the
computer system the data messages have to be received 1n
some kind of input/output device and detected as mput.

Traditionally one way of detecting a data message input
in a computer system has been to do it in an interrupt driven
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process. Input received by an iput/output (I/O) device of
the computer server of the computer system has triggered an
interrupt request to be 1ssued. A central processing unit
(CPU) of the computer system typically breaks (interrupts)
its current computations and stores the current state when
receiving the interrupt request. The CPU then processes a set
ol stored 1nstructions related to the specific interrupt request.
When all mstructions related to the interrupt request have
been completed, the CPU reverts back to the stored state and
continues processing the set of instructions 1t was processing
prior to the interrupt request. The transition between states
of processing in the CPU 1s typically called a context switch.
When no interrupt request 1s received by the CPU, or when
the CPU 1s finished with the current processing, the CPU can
revert to an 1dle mode.

Another technique to detect input to a computer system 1s
to have the CPU poll an I/O device for mput, 1.e. continu-
ously check the I/O device until mput 1s found, and then
process the mput when a poll renders mput.

The interrupt driven detection and handling of input has
the advantage that the CPU when not processing mput can
process other instructions. The polling technique has the
advantage that input generally 1s detected and processed
carlier as the CPU expects to find and 1s ready to process any
input each poll (check) of the I/O device might render.

A disadvantage with the interrupt driven technique 1s that,
when recerving huge amounts of data messages for com-
puter systems requiring a high throughput, the interrupt
driven process may be experienced as giving rise to a too
high latency. Latency 1s defined as the time from an input
data message 1s received by the computer system until the
computer system has completed processing the data message
and 1s ready receive a new data message. The interrupt
driven techniques 1s therefore less suitable for systems with
low latency requirements.

A disadvantage with the polling technique 1s that, while 1t
allows for a low latency system, there 1s a risk that the CPU
1s constantly working at full load just polling the I/O device
even at times when there 1s no 1nput to retrieve. For most
computer systems, the data messages do not arrive in a
steady stream but the amount of data messages directed
towards the computer system varies quite a lot over time
with peaks and troughs. Thus while, the polling techniques
are suitable for periods with peak load, polling for input 1s
not particularly suitable for periods of trough load as large
numbers of polls resulting 1n no mput have to be performed,
so-called negative polls. The negative polls of the polling
techniques cause unnecessarily high processing load as well
as energy consumption of the CPU.

For many computer systems a swilt change 1n load 1s a
problem, for automated electronic exchanges 1t 1s a particu-
lar problem. Since information 1s easily spread globally,
many users ol an automated electronic exchange tend to act
on the same information at almost the same time. Therefore
peaks often are concentrated around occasions when 1nfor-
mation, that in one way or another might change the
appreciation made by users connected to the automated
clectronic exchange, 1s released somewhere i the world.
The number of data messages directed toward the automated
clectronic exchanges, hence shifts very drastically between
peaks and troughs throughout a trading day.

It would thus be advantageous to provide a more flexible
and eflicient way of processing mput received in a computer

system.

SUMMARY

An object of the embodiments of the present invention 1s
to provide a method and apparatus that allow a CPU to
process iput 1n a tlexible and eflicient way.
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The above stated object 1s achieved by a method, a control
circuitry and a computer server according to the independent
claims.

A first embodiment provides, a method for controlling the
operations of a Central Processing Unit (CPU) associated
with a nominal clock frequency. The CPU 1s coupled to an
input/output (I/0) range and configured to deliver mnput to an
application. The method comprises controlling the CPU to
poll the I/O range for input to the application. The polling 1s
repeated until a poll results 1n mput to the application. The
method further comprises monitoring whether or not each
poll results 1n mput to the application and adjusting a clock
frequency at which the CPU operates, to a predetermined
first clock frequency lower than the nominal clock fre-
quency, 1 a pre-defined number of polls resulting 1n no 1input
1s detected.

A second embodiment provides a control circuitry for
controlling a CPU associated with a nominal clock fre-
quency. The CPU 1s coupled to an I/O range and configured
to deliver mput recerved at the I/O range to an application.
The control circuitry 1s arranged to instruct the CPU to poll
the I/O range for mput to the application and to monitor
whether or not a poll results 1n input to the application. The
control circuitry 1s further arranged to adjust a clock fre-
quency at which the CPU operates, to a predetermined {first
clock frequency lower than the nominal clock frequency, 1f
a pre-defined number of polls of the I/O range resulting 1n
no put 1s detected.

A third embodiment provides a central computer server of
an automated exchange system for matching orders received
from clients. The central computer server comprises an 1/0
range for receiving orders from clients 1n the automated
exchange system and a CPU associated with a matching
process for matching received orders. The CPU 1s coupled to
the I/O range. The central computer server further comprises
a control circuitry in accordance with the second embodi-
ment described above for controlling the CPU to poll the I/O
range for received orders for input to the matching process.

An advantage of some of the embodiments disclosed
herein 1s that processing by a CPU can be performed with
lower energy consumption while providing for rapid
response to input. These and other aspects and advantages of
different embodiments will become apparent from the fol-

lowing detailed description and from the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following description of embodiments of the inven-
tion, reference will be made to the accompanying drawings
of which:

FIG. 1 1s a flow diagram 1illustrating an embodiment of a
method for controlling operations of a CPU.

FIG. 2 1s a flow diagram illustrating an alternative
embodiment of a method for controlling operations of a
CPU.

FIG. 3 1s a flow diagram 1illustrating another alternative
embodiment of a method for controlling operations of a
CPU.

FIG. 4 1s a schematic block diagram illustrating a com-
puter server comprising a CPU and a control circuitry
according to an example embodiment.

FIG. 5 1s a schematic illustration of an automated
exchange system including an embodiment of an automated
exchange.
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FIG. 6 1s a schematic block diagram 1llustrating a layered
topology of data processing in accordance with some
embodiments.

DETAILED DESCRIPTION

Some example embodiments will now be described in
more detail with use of the figures.

Depending on the use and configuration of a computer
system different capabilities are provided and also required
of 1it. For computer systems processing mnput data 1n a
Central Processing Unit (CPU) 1t 1s typically advantageous
to detect and process data as quickly as feasible 1n order to
potentially be able to service as many inputs as possible. As
described above 1t 1s of interest that the CPU processes input
in a flexible and etlicient way. Embodiments to be described
in further detail below achieve this by controlling the
operations ol the CPU by use of a frequency adjusting
control circuitry. By controlling the operations of the CPU
as well as the frequency at which the CPU operates advan-
tageous ellects 1 regards to thermal energy, processing
power, latency and throughput can be achieved.

FIG. 1 1s a flowchart 1llustrating an example embodiment
of a method for controlling operations of a CPU. The
example method 1s adapted for use 1n a control circuitry for
controlling the operations of the CPU. The CPU 1is associ-
ated with a nominal clock frequency. The CPU 1s further
coupled to an input/output, IO, range and configured to
deliver mput to an application. The application may be
practically any type ol application program processing
input, such as an order matching process of an automated
exchange system.

For illustrative purposes below, it 1s envisaged that the
operating Irequency of the CPU when the method 1s 1mitial-
1zed, 1s the nominal clock frequency. However, the actual
configuration and architecture of a particular system will of
course determine an actual operating frequency for the
particular system.

The method outlined i FIG. 1 1 step 110, comprises
controlling the CPU to poll the I/O range for input to the
application. The method further comprises a step 120 of
monitoring whether or not each poll results 1n mput to the
application. If i1t 1s detected 1n the step 120 that a poll results
in mnput to the application, the CPU 1s controlled to return the
input to the application 1n a step 190. If a poll 1s a negative
poll, 1.e. results 1n no mput to the application, it 1s deter-
mined 1n a step 130, 11 a pre-defined number (X) of negative
polls have been detected.

The number of consecutive negative polls may for
example be counted by incrementing an accumulator regis-
ter ol the CPU {for each negative poll. The accumulator
register may also, when a poll 1s positive 1.e. renders input
to the application, be reset. The accumulated number of
consecutive negative polls may then be compared to the
pre-defined number. When 1t 1s detected that the pre-defined
number of consecutive negative polls has been performed,
the frequency at which the CPU operates 1s adjusted to a
pre-determined first clock frequency lower than the nominal
clock frequency 1n a step 140. Assuming that the CPU
operated at the nominal clock frequency when the method
was 1nitiated, performing the step 140 will thus lead to a
reduction of the clock frequency at which the CPU operates.
In a step 150 the CPU 1s controlled to again poll for input to
the application, which thus 1s carried out at the reduced
frequency following the step 140. As a consequence the
CPU will continue to poll the I/O range for input to the
application less frequently, which reduces the processing
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load as well as energy consumption of the CPU. When a poll
at the reduced frequency results 1n input to the application,
the CPU 1s controlled to return the mput to the application
in the step 190. Thus, according to the example method
illustrated 1n FIG. 1, the CPU 1s controlled to repeat the
polling until a poll results 1n input to the application. But the
frequency at which this polling 1s carried out may be
changed depending on the amount of detected negative
polls.

The pre-defined number of negative polls to be detected
betfore an adjustment of the operating frequency of the CPU
can be set to any number which 1s considered appropriate 1in
the particular application scenario as a trigger for adjusting,
down the operating frequency. The number which 1s con-
sidered appropriate may depend on the type of system
employing the method and also on a tradeofl between
thermal efliciency and input detection speed. By allowing a
higher number of negative polls before adjusting down the
operating frequency, a high detection speed can be achieved
at the risk of worse long term thermal efliciency. However,
if thermal efliciency 1s more important a smaller number of
negative polls should be allowed before adjusting the oper-
ating frequency. The pre-defined number may be optimized
based on the expected load of the system and the require-
ments put on the system.

In an example embodiment, the operating frequency 1s
reduced directly after detecting a single negative poll. The
configuration of the pre-defined number to one has the
advantage that it results 1 a high thermal efliciency. Hence
in some embodiments, the pre-defined number equals one.
In these embodiments the number of negative polls may be
kept low by continuing polling at a reduced speed as soon as
a negative poll 1s detected. The total amount of energy the
CPU wastes on negative polls may thus also be kept low. At
the same time the system still allows for a high throughput
as latency 1s not increased when a positive poll 1s followed
by another positive poll

By reducing the clock frequency at which the CPU
operates the amount of negative polls can be kept down to
assure that the CPU 1s not wasting energy by just polling for
input when no input 1s available. However, the processing by
the CPU of any received 1nput at the reduced frequency will
lead to increased latency in comparison to the CPU operat-
ing at the nominal frequency. The latency 1s increased as
cach clock cycle used to process the input 1s longer. There-
fore 1t 1s advantageous to increase the operating frequency of
the processor for every mput detected when the processor 1s
operating at the reduced clock frequency. Hence, according
to some example embodiments, the method illustrated in
FIG. 1 further comprises an optional step 180 1n which the
clock frequency at which the CPU operates 1s adjusted to a
predetermined second clock frequency higher than the
reduced clock frequency set 1n the step 140. The step 180 1s
performed 11 1t 1s detected 1n the step 160 that a poll results
in mput to the application.

In some embodiments, the predetermined second clock
frequency equals the nominal clock frequency in other
embodiments the predetermined second clock frequency is
higher than the nominal clock frequency. By increasing the
operating frequency of the CPU, to the nominal clock
frequency associated with the CPU, the processing of a
received input can be performed using less time. The
increase of the operating frequency thus leads to reduced
latency than if processed while the processor operates at the
reduced frequency. As increased operating {frequency leads
to reduced latency it 1s further advantageous to increase the
operating frequency of the CPU to a frequency higher than
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the nominal clock frequency associated with the CPU. This
may be possible for a limited period 1f the CPU e.g. has been
cooling down by operating at the reduced frequency for
some time as will be further explained below 1n connection
with another example embodiment.

In some embodiments the polling 1s performed 1n
response to reception of an instruction from the application,
step 100. The mstruction may also specily to poll the I/O
range for iput to the application until a poll results in 1nput
to the application.

In some embodiments the control circuitry 1s also con-
figured to detect polling of an I/O range. The control
circuitry 1s configured to monitor read operations on the I/O
range and a poll resulting 1n no 1nput 1s detected by detecting
a return to the same 1nstruction to read the I/O range within
a pre-determined number of 1nstructions.

FIG. 2 1s a flowchart 1llustrating some procedural steps of
a so-called mmplicit method according to an example
embodiment. The method 1s referred to as an 1mplicit
method since there 1s no reception of an explicit istruction
to poll the I/O range as in the method illustrated 1n FIG. 1.
While an application 1in the embodiment described in FIG. 1
typically 1ssues an explicit poll instruction, this may not
always be the case. Some applications may, mstead of an
explicit poll instruction to the CPU, be configured to per-
form polling and control the polling within the application
program code. For example, an application may be config-
ured to repeatedly read a certain I/O port or an I/O range
until mput 1s found, thus mmplicitly performing polling.
Hence 1n some embodiments including the method 1n the
example embodiment of FIG. 2, polling 1s instead detected.

In the example embodiment, a control circuitry controls
the operations of a Central Processing Unit (CPU) associ-
ated with a nominal clock frequency. The CPU is coupled to
an input/output (I/0) range and configured to deliver mput
to an application. The method comprises a step 200 of
detecting polling of an I/0O range for input to the application.

In the step 210, a predetermined number of polls not
resulting 1n input, 1.e. negative polls are detected. This 1s
achieved by the control circuitry monitoring whether or not
cach poll results 1n input to the application. In some embodi-
ments, the polling of an I/O range 1s detected by the control
circuitry monitoring read operations on the I/O range, and a
poll resulting 1n no 1nput 1s detected by detecting a return to

the same istruction to read the 1I/O range within a prede-
termined number of instructions.

On detecting the predefined number of negative polls the
clock frequency at which the CPU operates, 1s 1n the step
220 adjusted down to a predetermined first clock frequency
lower than the nominal clock frequency, 1.e. to a reduced
clock frequency.

Some embodiments of the method illustrated 1n FIG. 2
also comprises a step 230 of detecting a positive poll, 1.e. a
poll rendering input to the application, by monitoring the
outcome of each poll while the CPU 1is operating at the
reduced frequency. On detecting a positive poll, the operat-
ing frequency of the CPU 1s, 1n a step 240, adjusted up to a
second predetermined clock frequency.

By detecting the polling of an I/O range the implicit
method allows applications programmed to, for example,
poll an I/O range by 1ssuing read operations to also benefit
from the method. Thus, even older applications not config-
ured for requesting polling from a CPU may benefit from the
claimed invention. In some embodiments, the monitoring of
read operations on the I/O range may be limited to a
particular I/O port, I/O address or an I/O sub range, typically
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assigned to the reception of mput in order to speed up the
monitoring and detection process.

Some CPUs allow “overclocking” (n.b. operating a CPU
at a frequency higher than the associated nominal clock
frequency) or some other method of boosting the operations
of the CPU. The method of the example embodiment
illustrated in FIG. 3 1s particularly suited for use with CPUs
suitable for “overclocking™.

FIG. 3 1s a flow diagram illustrating a further example
embodiment of a method for controlling operations of a
CPU. The method of FIG. 3 bears similarities with some of
the method steps disclosed in FIG. 1, in particular steps
100-160 are similar and will not be described 1n detail again.

In a step 370 the method determines, when a poll results
in 1mput 1n either of the steps 120 or 160, a temperature of
the CPU.

In another step 375 of the method, the temperature of the
CPU 1s compared against a predefined temperature thresh-
old. By the comparison, it 1s possible to detect if the CPU
thermally 1s able to cope with a temporary boost 1n operating,
frequency without it leading to overheating of the CPU. In
a step 380 the clock frequency at which the CPU operates 1s
adjusted to a predetermined third clock frequency higher
than the nominal frequency, 1f the temperature of the CPU
1s below the temperature threshold. Typically, operating a
CPU above the nominal clock frequency is not sustainable
over time, due to overheating of the CPU. However, as the
disclosed method reduces the operating frequency of the
processor below the nominal clock frequency on detecting a
predetermined number of negative polls, the temperature of
the CPU might allow the CPU for a short time to operate at
a Irequency higher than the nominal clock frequency asso-
ciated with the processor without causing problems related
to overheating.

In a further step 390 the CPU 1s controlled to return the
detected mput in either of step 120 or step 150 to the
application.

When polling for mput istead of using an interrupt
driven process, the CPU continuously tries to check the I/O
range for iput as often as possible. The CPU thus works at
tull capacity polling for input. Typically the nominal clock
frequency associated with the CPU 1s a frequency at which
the manufacturer guarantees that the CPU sustainably can
operate at full load. By, 1n step 370, measuring a temperature
of the processor on receiving and detecting mput to be
processed, 1t 1s possible to determine 1f the CPU recently
have been operating at or close to a maximum sustainable
operating frequency. If it 1s determined, 1n step 375, that the
CPU have been operating below the maximum sustainable
clock frequency of the CPU, a short period of increased
operation and the following increased heat generation might
be allowable. If on the other hand, 1n step 375, 1t 1s
determined that the CPU have been operating above the
maximum sustainable operating frequency of the CPU, an
increase ol the operating frequency to a third operating
frequency higher than the nominal clock frequency might
lead to mstability. Hence, by comparing the measured CPU
temperature against a predetermined threshold value suit-
able for the CPU 1n step 375 it 1s possible to determine 11 1t
1s wise to increase the operating frequency of the CPU to a
predetermined third frequency higher than the nominal clock
frequency. If the measured temperature 1s determined to be
below the threshold value 1t i1s possible to increase the
operating frequency and reduce the latency, to allow the
input to be processed faster.

If 1t 15 detected 1n step 3735 that the temperature of the CPU
1s above the threshold value, 1t might not be wise to adjust
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the operating frequency of the CPU to a frequency higher
than the nominal clock frequency. The nominal clock fre-
quency 1s typically associated with a sustainable operating
frequency and in some embodiments the clock frequency at
which the CPU operates 1s adjusted to the nominal clock
frequency 1n step 380 1f the temperature 1s not below the
temperature threshold.

However 1n some embodiments, an increase of the oper-
ating frequency above nominal operating frequency might
momentarily be justifiable even if the CPU temperature
surpasses the threshold temperature. For example, it might
be justifiable for a predetermined number of consecutive
positive polls. The increase of operating frequency may for
example also, be justifiable for a predefined number of clock
cycles or for the processing of a predefined number of
instructions in the CPU.

While FIG. 3 illustrates the step 100, where an explicit
poll instruction 1s received, 1t should be understood that
steps 370-390, could be combined with the implicit method
of detecting polling and the alternative way of detecting
positive and negative polls disclosed above in regards to
FIG. 2.

It should also be understood that a system configured to
perform more than one of the above example embodiments
may be created.

FIG. 4 illustrates an example embodiment of a computer
server 400 comprising a CPU 410 and a control circuitry
420. In FI1G. 4 only the elements necessary for the invention
are disclosed. It should, however, be understood that the
computer server 400 of FIG. 4 may comprise further ele-
ments and the disclosed elements may be part of, or com-
prise, further elements. For example, the computer server
typically comprise some persistent storage like an hard disk
drive and a data bus for interconnecting some of the ele-
ments with each other (neither explicitly disclosed in the
figure). The computer server 400 also comprises a memory
unit 450, or storage medium, comprising an application 440;
and an Input/output (I/0O) range 430 associated with at least
one I/0 device (the device not explicitly shown 1n FIG. 4)
for receiving nput.

The application 440 1s a set of computer readable instruc-
tions to be executed in the CPU 410.

The memory 450, while i1llustrated and referenced below
as one memory, can comprise a set of memories. The
memory 4350 typically stores computer instructions which
are to be executed. The memory unit 450 1s typically a
Random Access Memory (RAM), a Read Only Memory
(ROM) or a non-volatile memory unit. In some embodi-
ments of the present invention the storage medium 1s a
CD-rom disk, a blue-ray disk, a HDD (hard disc drnive), a
USB (Umiversal Serial Bus) unit connected to the computer
server 400 or one of the many other means suitable for
storing computer readable instructions.

Typically each 1/0 device comprises a range of 1/O ports
of which at least one 1s addressed for each I/O operation
directed at the device. In general, each of the I/O ports of the
I/O devices within the computer server 1s “numbered” to
distinguish each I/O port from every other I/O port. The
number which identifies a particular 1/0O port 1s often called
its address. The computer server 400 may support Direct
Memory Access (DMA) technique. The DMA technique
allows for I/O devices to write and read data directly to and
from the memory 450, via the data bus, surpassing the CPU
410. Typically, 1n order to support DMA the I/O device(s)
and corresponding I/0O ports(s) are mapped to a particular
section of the memory. The CPU 410 when instructed to read
(or write to) the I/O device 1 such an istance typically
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reads (or writes to) the parts of the memory that the I/O
port(s) on the I/O device are mapped onto.

The CPU 410, when executing an 1I/O read (or write)
operation, typically addresses one or more I/O port(s) of the
I/O device but may for I/O operations also, as described
above, address a section of the memory, when I/O ports are
mapped to the memory 450. The term 1I/O range 1s herein
used to interchangeably refer to: a single I/O port, multiple
I/0 ports or a set of memory address wherein each address
corresponding to a section of the memory when 1I/O devices
are mapped the memory; for which 1nput can be expected to
be received or found (when mapped).

In the example embodiment illustrated in FIG. 4, the CPU
410, 1n order to perform a particular I/O operation, thus
locates and addresses the 1/0 range 430 corresponding to the
intended I/O ports of the I/O device to be aflected by the
particular operation.

In the example embodiment of FIG. 4 the CPU comprises
the control circuitry 420. In some alternative embodiments
the control circuitry 420 1s not part of the CPU 410 but 1s
instead comprised 1n the computer server 400 and coupled to
the CPU 410 as indicated by an alternative dashed control
circuitry.

The CPU 410 1s associated with a nominal clock fre-
quency and the control circuitry 420 1s arranged to control
the CPU 410. The CPU 410 1s further coupled to an I/O
range 430 and configured to deliver input recerved at the I/O
range 430 to an application 440. The control circuitry 420 1s
arranged to instruct the CPU 410 to poll the I/O range 430
for mput to the application.

The control circuitry 420 1s also arranged to monitor
whether or not a poll results 1n mput to the application 440.
The control circuitry 420 i1s further arranged to adjust the
clock frequency at which the CPU 410 operates based on the
result of the polling operation 1n accordance with one or
several of the method steps 140, 180, 220, 240, 380
described above and illustrated 1n FIGS. 1, 2 and 3 respec-
tively.

By monitoring whether or not each poll results 1n input,
a number of consecutive polls rendering the same result can
be detected. For example a predefined number of consecu-
tive polls rendering no input, negative polls, may be
detected. When detecting that a predefined number of con-
secutive negative polls have come to pass, the clock fre-
quency fed to the CPU 1s adjusted down to a predetermined
first clock frequency lower than the nominal clock fre-
quency. The continued polling for input will then be per-
formed at a frequency below the nominal frequency. As a
result fewer negative polls will be detected for each period
of time.

The pre-defined number of polls allowed before the clock
frequency at which the CPU operates 1s adjusted down 1s
preferably chosen 1n accordance with the requirements of a
particular implementation as described above 1n relation to
the methods illustrated 1n FIGS. 1-3.

In some embodiments, the CPU 410 i1s configured to
receive, from the application 440 an instruction to poll the
I/0O range 430 until a poll results in mput to the application.
The CPU 410 1s further arranged to poll the I/O range 430
in response to reception of the instruction from the appli-
cation 440.

In some embodiments the control circuitry 420 1s config-
ured to control the CPU 410 to poll the I/O range 430 in
response to reception of an instruction from the application
440 to poll the I/O range 430 for input to the application until
a poll results 1 mput to the application.
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In some embodiments, the control circuitry 420 1s
arranged to monitor whether or not a poll results 1n mnput to
the application by momtoring read operations on the 1I/O
range 430.

In some embodiments, the control circuitry 420 1s con-
figured to detect polling of the I/O range 430. The control
circuitry 1s further arranged to detect a poll resulting in no
input by being arranged to detect, within a predetermined
number of mstructions following a performed read operation

on the I/0 range 430, a return to the same instruction to read
the I/O range 430.

In some embodiments, the control circuitry 420 1s turther
arranged to adjust the clock frequency at which the CPU 410
operates, 1 accordance with one or several of the steps 180,
240 described above and 1illustrated 1n FIGS. 1 and 2, to a

predetermined second clock frequency, when a poll results
in iput to the application 440.

In order to allow for low latency, when a poll actually
results 1n 1nput, the clock frequency at which the CPU
operates 1s 1n some embodiments increased to a predeter-
mined second frequency. In some embodiments, the prede-
termined second clock frequency equals the nominal clock
frequency.

In some embodiments the predetermined second clock
frequency 1s higher than the nominal clock frequency. Typi-
cally the polling at a frequency lower than the nominal clock
frequency consumes less energy than polling at the nominal
frequency. Thus, 1n situations where a number of consecus-
tive negative polls higher than the pre-defined number of
polls have been performed and the operating frequency 1s
reduced, less heat will have been induced 1n the CPU. The
CPU can 1n such situations for a short time be allowed to
operate at a frequency higher than the nominal clock fre-
quency. This provides for a more thermally eflicient system
where energy and heat generation 1s focused on situations
where there 1s 1input to process.

In some embodiments the control circuitry 420 1s also
arranged to perform the steps 370-380 described above and
illustrated in FIG. 3. Thus, for some embodiments, the
control circuitry 420 1s further arranged to determine, when
a poll results 1n 1nput, a temperature of the CPU 410; and to
compare the temperature of the CPU against a predefined
temperature threshold. The control circuitry 420 1s further
configured to adjust the clock frequency at which the CPU
410 operates to a predetermined third clock frequency
higher than the nominal clock frequency, 1 the temperature
of the CPU 1s below the temperature threshold.

In situations where the temperature of the CPU can be
determined to be less than a pre-defined temperature thresh-
old, the operating frequency of the CPU can be increased to
a predetermined third clock frequency higher than the nomi-
nal clock frequency in order to reduce latency when pro-
cessing a recerved nput.

In situations where the temperature of the CPU 1s above
or equal to the temperature threshold, operation of the CPU
at a frequency higher than the nominal clock frequency may
lead to overheating. In some embodiments, the control
circuitry 420 1s arranged to adjust the clock frequency at
which the CPU 410 operates to the nominal clock frequency
if the temperature 1s not below the temperature threshold.

In some embodiments, which are further elaborated on
below 1n regards to FIG. 6, the CPU 1s arranged to poll the
I/O range 430 by bypassing an operating system kernel of
the CPU 410. By letting the application, through the use of
a hardware 1nstruction library, poll the IO range directly the
latency can be further reduced.
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FIG. 6 illustrates a layered topology of data processing in
accordance with some embodiments. FIG. 6 1s to some
extent an alternative or complementary illustration of the
computer server 400 illustrated in FIG. 4. Both the appli-
cation layer and the kernel layer in FIG. 6 relates to
processing done 1n a CPU 410 of a computer server. Typi-
cally an application 640 when executed in the CPU 410
interacts with an operating system, (OS) being executed 1n
the CPU 410. The processing in the CPU 410 prompted by
the application 1s in FIG. 6 represented by the application
ayer. The application 640 corresponds to application 440 1n
FIG. 4. The OS 1s not explicitly disclosed in FIG. 6;
however, the processing prompted by the OS 1s in FIG. 6
represented by the kernel layer. The main component of the
operating system 1s typically referred to as an OS kernel. The
OS kernel provides a bridge between the application 640 and
the actual data processing in peripheral hardware devices
644 of the computer. Examples of such peripheral hardware
devices 644 are an InfiniBand (IB) I/O controller card and a
gigabit Ethernet I/0 controller card, but could be any type of
network adapter or network interface card. Peripheral hard-
ware devices 644 used for mput and output are below
referenced as peripheral I/O devices. Each peripheral 1/O
device 1s associated with at least one I/O port, and any subset
of all the I/O ports of all the peripheral I/O devices, could
constitute an I/O range similar to the I/O range 430 previ-
ously disclosed in FIG. 4.

In the following OS and OS kernel 1s interchangeably
used when referring to the operating system (while the OS
not explicitly disclosed 1n FIG. 6, the processing by the OS
1s 1n FIG. 6 represented by the kernel layer). The application
640 requesting resources or communicating with a periph-
eral device 644 (1n hardware layer) 1s not required to have
explicit knowledge of the peripheral device’s 644 charac-
teristics. The OS kernel typically has a device dniver
installed for all connected peripheral hardware devices 644.
When the OS kernel recerves instructions from the applica-
tion 640, the OS kernel translates the instructions into
instructions comprehendible by the peripheral device 644.
Vice versa the OS can translate instructions/data from the
peripheral hardware device 644 into a format comprehend-
ible by the application 640. Double arrows 643 schemati-
cally illustrate a path through which the application 640
normally interacts with peripheral hardware devices 644. In
order for the CPU 410 to switch between processing in
application layer and processing in kernel layer a context
switch 1s required.

While accessing system 1/0 resources typically 1s done
through calls from the application 640 to the operating
system kernel and induces at least one context switch, it 1s
possible for the application 640 to comprise hardware
instructions that are acceptable to peripheral I/O devices
644. The application 640 1n application layer can, by com-
prising a hardware instruction library 641 with instructions
suitable for a particular peripheral /O device 644 1n hard-
ware layer, interact with the particular peripheral I/O device
644 directly as schematically 1llustrated by a double arrow
642 1n FIG. 6, 1.e. surpassing the kernel layer.

Sometimes 1t 1s advantageous to bypass an operating
system when performing certain 1/0 tasks 1n order to further
reduce the latency and increase the throughput of a computer
system. By bypassing the operating system kernel, the
application 640 with the use of the hardware instruction
library 641 can control the CPU 410 to poll an I/O range
430. By configuring the application through the use of a
hardware 1nstruction library to poll the I/O range directly, no
context switch between the application and the OS kernel 1n
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the CPU 410 1s necessary for the polling and the latency can
be further reduced. Thus, 1n some embodiments, the CPU
410 1s arranged to poll the I/O range 430 by bypassing an
operating system kernel of the CPU 410.

An additional advantage of the disclosed method and the
control circuitry 1s the ability to detect polling and detect a
predetermined number of negative polls which allows the
control circuitry to control the operations of the CPU
regardless 11 the computer architecture allows an application
to bypass an operating system.

FIG. 5 illustrates an example embodiment of an auto-
mated exchange system 500 comprising trader terminals 560
that are used for 1ssuing order data messages, 1.¢. input data,
from clients to a central computer server, 1.€. an automated
exchange, 400 operating in accordance with one of the
above disclosed methods. The automated exchange 400 may
¢.g. be embodied 1n accordance with the example computer
server 400 1llustrated 1in FIG. 4. The trader terminals 560 are
connectable, for example over the Internet 580, or over some
other connection means like a dedicated fiber 580B, to the
automated exchange 400. The automated exchange 400 of
FIG. 5 may 1n some embodiments be embodied as a cluster
of automated exchanges. Sometimes the trader terminals
560 are connected to the automated exchange 400 through
an entry gateway 370. The entry gateway 570 1s connected
to the central computer server hosting the automated
exchange 400, and 1s configured to receive market actions,
1.e. orders and/or quotes from the trader terminals 560. An
entry gateway 570 1s usually 1n connection with the auto-
mated exchange 400 on a dedicated network and forwards
the market actions to the automated exchange 400 and
further usually broadcast updates back to the trader termi-
nals 560. It should however be understood that information
being communicated to and from the automated exchange
400 and the trader terminals 360 could be communicated via
a single communication path. Typically, the automated
exchange 400 matches the orders received from the trading
terminals 1n a matching process. The matching process of
the automated exchange 400 1s one typical implementation
of the application 440 in FIG. 4.

As mentioned above, the automated exchange 400 may be
embodied 1n accordance with the example computer server
illustrated 1 FIG. 4. For this particular embodiment the
central computer server 400 of the automated exchange
system 300 1n FIG. 5, expressed in terms of the functional
units of FIG. 4, comprises an input/output, I/O, range 430 for
receiving orders from trader terminals 360. The central
computer server also includes a CPU 410, coupled to the I/O
range 430, and a control circuitry 420. The CPU 410 of the
central computer server i1s associated with a matching pro-
cess for matching received orders, corresponding to the
application 440 of FIG. 4. The matching process 440 1is
arranged to control the CPU 410 of the central computer
server to poll said I/O range 430 for received orders for input
to the matching process 440.

The central computer server of an automated exchange
system (1.e. the automated exchange) comprising a control
circuitry 1n accordance with embodiments described herein
has the advantage that incoming 1nput (1.e. orders) can be
detected and processed at an earlier stage than with an
interrupt driven process. The central computer server also
has the advantage that during troughs 1n load the automated
exchange wastes less clock cycles on negative polls. The
reduced number of negative polls leads to a more energy
ellicient server. Some embodiments of the computer server
also have the advantage that as soon as an order 1s received
and detected, the central computer server 1s ready to process
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the order at nominal clock frequency, thus allowing for a
high throughput and a low latency. A central computer server
of the present invention may thus allow for a low latency and
energy eflicient automated exchange suitable for high
throughput.

An advantage of certain embodiments described above 1s
that incoming input, such as orders to an automated
exchange, can be detected and processed at an earlier stage
than with an interrupt driven process. Another advantage of
some ol the embodiments 1s that that during troughs 1n load
less clock cycles are wasted. Hence by reducing the number
of negative polls the system becomes more energy eflicient.
A further advantage of some of the embodiments 1s that as
soon as an order 1s received and detected the central com-
puter server 1s ready to process the order at nominal clock
frequency, thus allowing for a high throughput and a low
latency. An additional advantage of some of the embodi-
ments 1s that the energy consumption is reduced by polling
at a reduced frequency. By operating the CPU at a reduced
frequency less electrical energy 1s also converted 1n thermal
energy, allowing for the operating frequency of the CPU to
be increased above the nominal operating frequency when
processing a received mnput. This may 1n turn allow for
latency to be reduced considerably and throughput to be
increased while maintaiming a stable system.

The present invention 1s not limited to the above-de-
scribed preferred embodiments. Various alternatives, modi-
fications and equivalents may be used. Therefore, the above
embodiments should not be taken as limiting the scope of the
invention, which 1s defined by the appended claims.

The invention claimed 1s:

1. A method for use 1n a system including control circuitry
for controlling operations of a processor, wherein the pro-
cessor 1s associated with an input/output (I/O) range and 1s
configured to deliver mput to an application, the method
comprising;

operating the processor at a first clock frequency lower

than a nominal clock frequency of the processor;
determining that the processor has performed or 1s about
to perform one or more polls of the I/O range;
monitoring to determine whether each of the one or more
polls results 1n detection of input data for the applica-
tion at the I/O range; and
in response to determining that a given number of the
polls of the I/O range results 1n detection of mput data
from the polled I/O range, adjusting a clock frequency
at which the processor operates to a second clock
frequency that 1s greater than the first clock frequency.

2. The method of claim 1, wherein the second frequency
1s the nominal frequency.

3. The method of claim 1, further comprising;:

determining a temperature of the processor;

comparing the determined temperature to a threshold; and

increasing, at least for a predetermined time period, the

clock frequency at which the processor operates to a
third clock frequency that 1s greater than the second
clock frequency and greater than the nominal {fre-
quency.

4. The method of claim 1, further comprising the proces-
sor bypassing an operating system kernel of the processor to
poll the I/O range.

5. The method of claim 1, further comprising the appli-
cation executing on the processor using a hardware 1nstruc-
tion library to poll the I/O range directly.

6. The method of claim 1, further comprising performing
the poll of the I/O range while avoiding a context switch in
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the processor between the application and an operating
system kernel operational on the processor.

7. The method of claim 1, further comprising performing
the poll of the I/O range 1n response to an instruction from
the application.

8. The method of claim 1, wherein the momitoring
involves monitoring read operations on the I/0 range, and a
poll that does not result 1 the detection of mput data 1s
detected by detecting, within a given number of istructions
following a performed read operation on the I/O range, a
return to the same instruction to read the I/O range.

9. The method of claim 1, wherein the I/0O range 1s one of:

an 1/0O port; or

a memory address to which an I/O device 1s mapped.

10. The method of claam 1, wherein the monitoring
involves monitoring read operations on the I/O range.

11. The method of claim 1, wherein the given number of
the polls 1s one.

12. A computing device, comprising:

an input/output (I/0O) range; and

a processor 1s coupled to the I/O range and 1s configured

to execute an application;

wherein the processor 1s configured to perform actions

that include:

operating the processor at a first clock frequency lower
than a nominal clock frequency associated with
operation of the processor;

determining that the processor has performed or 1s
about to perform one or more polls of the I/O range;

monitoring to determine whether each of the one or
more polls results 1n detection of mnput data for the
application at the I/O range; and

in response to determining that a given number of the
polls of the I/O range results 1n detection of mput
data from the polled I/O range, adjusting a clock
frequency at which the processor operates to a sec-
ond clock frequency that 1s greater than the first
clock frequency.

13. The computing device of claim 12, wherein the /O
range 1s an I/O port.

14. The computing device of claim 12, wherein the I/O
range 1S a memory address to which an I/O device 1s
mapped.

15. The computing device of claim 12, wherein the
processor 1s a central processing unit (CPU).

16. The computing device of claim 12, wherein the second
frequency 1s the nominal frequency.

17. The computing device of claim 12, further compris-
ng:

circuitry configured to determine a temperature of the

Processor;

wherein the processor 1s configured to perform actions

that include:

comparing the determined temperature to a threshold;
and

increasing, at least for a predetermined time period, the
clock frequency at which the processor operates to a
third clock frequency that 1s greater than the second
clock frequency and greater than the nominal fre-
quency.

18. The computing device of claim 12, wherein the
processor 1s configured to bypass an operating system kernel
of the processor to poll the I/0 range.

19. The computing device of claim 12, wherein the
processor includes an application executable on the proces-
sor using a hardware 1nstruction library to poll the I/O range
directly.
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20. The computing device of claim 12, wherein the
processor 1s configured to perform the poll of the I/O range
while avoiding a context switch 1n the processor between an
application and an operating system kernel runnming on the
Processor.

21. The computing device of claim 12, wherein the polls
are performed 1n response to an instruction from the appli-

cation.
22. The computing device of claim 12, wherein the

monitoring involves monitoring read operations on the 1I/0O
range.

23. The computing device of claim 12, wherein the given
number of the polls 1s one.
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